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X.  introduction 


The  CWR  Contract  Nonr  N00014-91-J-10S3  brought  to  a  conclusion  our 
studies  of  the  dyanalcs  of  transport  on  fractal  networks.  In  particular, 
ve  have  made  substantial  progress  towards  understanding  the  ac 
conductivity  of  a  fractal  network  C<Na^,Ba^^>P’'-aluilna]. 

Mixed  (Ma^,Ba2‘*^>^'''al\alina  crystals  are  near  Ideal  exasples  of  Ionic 
■otlon  In  a  two  dlsenslonal  percolating  network.  At  low  tei9>eratures,  the 
Na**’  Ions  Move  along  a  two  dlsenslonal  percolation  network  in  a  "sea”  of 
frozen  Ba^^  Ions,  the  latter  blocking  available  sites  for  the  Nai^  Ions. 

For  sufficient  concentration,  the  niaber  of  available  sites  for  Ma'*' 
ion  notion  falls  below  p^,  the  critical  percolation  concentration.  This 
Isplies  a  vanishing  dc  conductivity.  Ite  had  Measured  the  extrapolated  dc 
condxictlvlty  for  a  range  of  co^x>sltions  and  over  a  tenperature  range  of 
173K  to  373K.  The  conductivity  exhibits  activated  behavior,  with  an 
unusual  dependence  of  the  activation  energy  on  <Na'*’,Ba2^)  concentration. 

As  seen  In  Fig.  1,  the  activation  energy  rises  rapidly  froa  the  pure  Na^ 
and  Ba^*  values  to  two  "plateaus"  of  energy  A  ■  0.48  eV  and  A  ■  0.67  eV, 
respectively.  The  plateaus  cross  over  froa  one  to  the  other  between  40Z 
and  50Z  Ba^*^  exchange.  We  interpret  the  plateau  values  of  A  to  be  the 
"bare"‘-potentlal*-vell  slnlna  depths  for  the  Na^  and  Ba^^  Ions.  The 
BBaller  values  for  the  pure  Ma'*'  and  Ba^^  Material  are  Interpreted  as  the 
consequence  of  interplay  between  the  single  Ion  attractive  potential  and 
the  lnter~lonlc  repulsive  Couload)  potential  which  results  in  a  collective 
state.  The  cospetlng  Interactions  lead  to  off'*site  Ionic  positions, 
thereby  reducing  A  from  Its  "bare"  value.  The  screening  of  the  Inter- 
lonlc  CouluMb  Interaction  by  the  Minority  Ions  in  the  Mixed  Materials 
allows  the  Majority  Ions  to  Move  Independently,  thereby  exhibiting  the 


Activation  energies  A  extracted  from  the  extrapolated  dc 
conductivity  as  a  function  of  exchange. 
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full  "Iwre”  value  of  t  in  conductivity  neasurenents. 

IX.  Reaulta  of  Keaearch  Vnder  Nonr  il000i4“91-J-i063 

Our  ac  conductivity,  cr(<ii),  neaaurenenta  nade  during  the  contract 
period  under  Konr  H00014-91-J-i063  confini  thia  picture.  He  have 
neaaured  o(u)  froa  10^  to  10*^  Hz  for  tenperaturea  between  150K  and  440K. 
The  Cole*-Cole  plota  in  the  coaplex  ii^dance  plane  are  off-axia  circlea 
for  the  pure  aateriala,  but  are  on-axia  for  the  alxed  aateriala  (except  at 
the  croaa  over  concentration).  Furthermore,  the  real  part  of  9(m>  la 
nearly  independent  of  m  at  frequenciea  of  the  order  of  the  relaxation 
frequency  for  the  mixed  materiala,  «fhile  it  exhibita  power  law  behavior  in 
the  name  range  for  the  pure  materiala.  Finally,  the  electric  modulua, 
when  plotted  aa  a  function  of  frequency  ia  cloaer  to  an  Inverted  "V, 
char act erlatlc  of  alaple  Debye^like  behavior,  for  the  mixed  aa  co^>ared  to 
the  pure  materiala.  Each  of  theae  reaulta  pointa  to  collective  behavior 
in  the  pure  materiala  and  alngle  particle  behavior  in  the  mixed  materiala. 

oe  conductivity  meaaurementa  were  made  ualng  a  HP4192  LFIA.  An 
average  alngle  cryatal  of  ^''-alumlna  haa  an  effective  capacitance  of  only 
»  10"^^  farada  for  frequenciea  of  the  order  of  the  carrier  hopping 
frequency. 

In  order  to  acciirately  meaaure  the  co^>lex  conductivity,  the  probe 
capacitance  in  parallel  with  the  aaaple  bad  to  be  aubtantially  amaller 
than  10~^^  farada.  To  achieve  thia,  a  paeudo**four  probe  technique  vaa 
uned.  Four  matched  atalnleaa  ateel  coax  were  attached  directly  to  the 
current  and  voltage  leada  of  the  HP4192,  and  then  the  current  and  voltage 
leada  with  the  aame  polarity  were  aoldered  together  cloae  to  the  aaaple. 
Belov  10^  Hz,  the  acciiracy  of  the  meaaurement  vaa  confirmed  by 


callibration  against  a  General  Radio  bridge.  The  tenperature  was 
regulated  using  a  He  gas  flow  systen  below  roon  te^>erature,  and  a 
horizontal  tube  furnace  for  elevated  tesperaturas. 

Results  at  representative  temperatures  for  0(tt)  for  frequencies  u  of 
the  order  of  the  carrier  hopping  rate  for  a  variety  of 
concentrations  are  exhibited  In  Fig. 2.  The  open  circles,  appropriate  to 
pure  Ma^’>B”-aluBlna  at  ISOK  (aspllfled  by  100)  exhibit  a  power  law 
behavior  ReoCu)  «  «iO.S  ^  greater  than  the  slowest  C largest  Bn^). 

This  behavior  Is  typical  of  w>st  glasses,  and  Is  associated  with  a 
distribution  of  Na'*'  hop  rates  which  Is  divergent  at  zero  hop  rate  <l.e. 
for  which  the  Inverse  first  aonent,  <i/<l/T)>  does  not  exist).  The  solid 
triangles  denote  ReoCu)  for  SOZ  Ba^^  substitution.  As  can  be  seen  In 
Fig. 2,  the  behavior  Is  very  different  froa  the  pure  aaterlal.  The 
frequency  dependence  of  Reoriu)  Is  Independent  of  w  In  the  low  frequency 
reglae.  This  laplles  a  auch  better  behaved  distribution  for  the  Ba^***  hop 
rate,  with  <1/<1/t)>  finite.  A  distribution  of  values  for  aay  still 
be  present,  but  the  behavior  of  the  Ba^^  hope  Is  effectively  single- 
barrler-llke.  That  Is,  an  effective  barrier  height  can  be  Identified, 
leading  to  an  effective  hop  tlae,  «  <1/(1/t)>.  In  Fig.  2,  the 
associated  frequency  Is  about  In  the  alddle  of  the  range  for  the 
essentially  constant  RcoCu).  ?ery  slallar  behavior  Is  found  for  the  Na*^- 
rlch  end  of  the  (Ma'^,Ba?^>  alxtures. 

This  essentially  single  particle  behavior  has  other  consequences.  As 
can  be  seen  froa  Fig. 2,  there  Is  a  crossover  to  Reo(w)  »  u?  behavior  at 
high  frequencies.  This  crossover  Is  usually  attributed  to  the  tall  of  a 
high  frequency  Lorentzlan  appropriate  to  oscillations  within  the  potential 
well.  It  is  at  an  unusually  low  frequency  for  the  alxed  aaterlals,  and 


Fig.  2.  Logio  Keo(v)  vs  Log^oiv)  for  OZ,  40Z.  snd  £0Z  Bs^‘*'-exchsnged 
sssples,  with  sisllsr  crossover  frequencies  fros  diffusive  to 
oscllletory  aotlon.  The  solid  lines  ere  pover  lev  fits, 
e(v)  «  v**,  vlth  the  velues:  0Z»  n  »  O.S  ±  O.OS;  40Z  end  60Z» 
n  «  2.0  e  0.1. 
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■ay  reflect  «  Be^^-vecency  w>de  of  vlbretlon.  There  Is  no  evelleble  Rensn 
date  to  establish  the  presence  of  such  a  low  freqtiency  vibrational  node  in 
the  nixed  naterials,  so  that  it  would  be  of  sone  Interest  to  test  this 
hypothesis  directly.  The  absence  of  a  slnllar  dependence  for  the  pure 
naterlal  can  either  be  attributed  to  a  such  higher  vibrational  frequency 
for  the  Na^  or  ions  in  the  pure  coapoxmd.  or  to  the  nagnltude  of  the 
observed  conductivity  Itself  which  nasks  the  Lorentzlan  tall  at  these 
frequencies. 

The  behavior  of  Ke0(u)  for  the  40Z  Bai^  substitution  cospound,  open 
triangles  in  Fig. 2,  lies  nld-way  between  the  pure  and  the  COZ  Ba^'*’ 
naterlal.  This  concentration  is  the  crossover  concentration  between  the 
two  plateaus.  We  do  not  have  an  adequate  picture  of  dynanlcs  at 
crossover. 

In  susnary,  we  have  found  the  ac  conductivity  of  nixed 
alunlna  to  be  narkedly  different  fron  that  of  pure  Ma'*'-  or  Ba**- 
alunlna.  In  the  "plateau"  regions  of  the  activation  energy,  0(u),  Cole*- 
Cole  plots  in  the  co^ilex  inpedance  plane,  and  the  Inaglnary  part  of  the 
electric  nodulus  vs  frequency  were  found  to  be  indicative  of  uncorrelated 
single  particle  bopping,  with  a  single  <or  snail  spread  in  the)  effective 
hopping  tine,  ^eff*  conpounds,  one  finds  behavior  indicative 

of  a  correlated  state,  arising  fron  an  interplay  between  the  single  ion 
potential  and  the  Interlonic  Coulonb  repulsive  potential.  This  nanlfests 
Itself  in  a  power-law  dependence  for  as  seen  in  Fig.  2.  We  believe 
this  reflects  a  coupled  nany-particle  state  in  the  pure  naterials,  whereas 
screening  of  the  interlonic  Couloidb  potential  in  the  nixed  naterials  leads 
to  transport  behavior  indicative  of  Independent  particle  notion.  It  is 
Inportant  to  realize  that  these  opposite  Units  of  behavior  ai^ar  to  be 
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]H-esent  In  the  eane  physical  systest  appearing  In  the  absence  or  presence 
of  Ionic  substitution.  Further  experlnents,  especially  Ranan  studies  at 
low  shift  frequencies,  nay  shed  light  on  the  particular  vibrational  nodes 
ifhlch  play  the  najor  role  in  ionic  transport  In  these  fascinating  and 
Isportant  materials. 
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